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preparation  of  the  performance  curves. 

This  report  was  released  by  the  author  in  February  1974. 

The  contractor's  number  for  this  report  is  F33615-71-C-1093-1. 

Publication  of  this  report  does  not  constitute  Air  Force  approval  of 
the  report's  findings  or  conclusions.  It  is  published  only  for  the  exchange 
and  stimulation  of  ideas. 


Project  Engineer 

Recovery  and  Crew  Station  Branch 
Vehicle  Equipment  Division 
AF  Flight  Dynamics  Laboratory 

FOR  THE  COMMANDER 

I 

RUDI  J.  BERNDT 

Actg  Chi nf ,  Recovery  and  Crew  Station  Branch 
Vehicle  Equipment  Division 
AF  Flight  Dynamics  Laboratory 


ii 


TABLE  OF  CONTENTS 

Section  Page 

ABSTRACT .  iii 

LIST  OF  FIGURES  .  .  . .  vi 

LIST  OF  SYMBOLS .  ix 

INTRODUCTION  . .  1 

AERODYNAMIC  DATA .  3 

FLIGHT  PEP  FORMANCE  THEORY .  4 

PERFORMANCE  CALCULATIONS .  7 

Level  Flight  Velocity .  7 

Horsepower  Required  for  Level  Flight .  7 

Climbing  Flight .  8 

Effect  of  Thrust  Angle  .  9 

TAKE-OFF  DISTANCE .  11 

Aircraft  Case  . .  11 

Irish  Flyer  Case .  12 

PRE -DESIGN  ESTIMATES .  14 

Simple  Manned  Flight  (Conservative) .  14 

Simple  Manned  Flight  (Advanced) .  14 

Cargo  and  Weapon  Stand-Off  Delivery  System  ....  15 

Maneuvering  Decoy  and  Jammer  System .  15 

Minimum  Manned  Vehicle .  16 

CONCLUSIONS .  17 

REFERENCES . 18 

FIGURES  .  19 


Preceding  page  blank 


v 


LIST  OF  FIGURES 


Number  Pa&e 

1.  Summary  of  Aerodynamic  Data .  19 

2.  Aerodynamic  Drag  Data  . .  20 

3.  Lift -to -Drag  Ratios  for  ND  2.0  for  Three  System  Drag 

Increments .  21 

4.  Lift-to-Drag  Ratios  for  ND  3.0  for  Three  System  Drag 

Increments  .  . .  22 

5.  Summary  of  Aerodynamic  Data  . .  23 

6.  Irish  Flyer  in  Flight . 24 

7.  Wing  Loading  vs  Flight  Velocity  for  Various  Values  of 

Lift  Coefficients  (  0  <  W/A  1  3) .  25 

8.  Wing  Loading  vs  Flight  Velocity  for  Various  Values  of 

Lift  Coefficients  (0  <  W/A  <  10) .  26 

9.  Flight  Velocity  vs  Angle  of  Attack  for  W/A  of  1.0, 

5.0,  and  10.0 . 27 

10.  Level  Flight  Horsepower  vs  Lift-to-Drag  Ratio  for 

W/A  »  1.5  and  CL  =  .75  (10  <W  <\5Q) .  28 

11.  Level  Flight  Horsepower  vs  Lift-to-Drag  Ratio  for 

W/A  =  1.5  and  CL  =  .75  (50  <  W  <  1,000) .  29 

12.  Level  Flight  Horsepower  vs  Lift-to-Drag  Ratio  for 

W/A  =  1,5  and  CL  *  .75  (2000 1W<  10,000)  .....  30 

vi 


LIST  OF  FIGURES  (continued) 


Number  •  Page 

13.  Level  Flight  Horsepower  vs  Lift -to -Drag  Ratio  for 

W/A  =3.0  and  CL  =  .75  (10  <  W  <  50) .  31 

14.  Level  Flight  Horsepower  vs  Lift-to-Drag  Ratio  for 

W/A  =  3.0  and  CL  =  .75  (50  iW  11,000) .  32 

15.  Level  Flight  Horsepower  vs  Lift-to-Drag  Ratio  for 

W/A  =  3.0  and  CL  =  .75  (2, 000<W  110,000) .  33 

16.  Level  Flight  Horsepower  vs  Lift-to-Drag  Ratio  for 

W/A  =  6.0  and  CL  =  . 75  (10<  W  <  50) .  34 

17.  Level  Flight  Horsepower  vs«Lift-to-Drag  Ratio  for 

W/A  =  6.0  and  CL  =  .75  (50<  W  i  1,000) . .  35 

18.  Level  Flight  Horsepower  vs  Lift-to-Drag  Ratio  for 

W/A  «  6.0  and  CL  =  .  75  (2,000<  W  <  10,000) .  36 

19.  Additional  Horsepower  vs  Weight  for  Various  Rates 

of  Climb  (0<  W<  50)  .........  . . .  37 

20.  Additional  Horsepower  vs  Weight  for  Various  Rates 

ofCHmb(0<W<  1,000)  . . .  .  .  .  38 

21.  Additional  Horsepower  vs  Weight  for  Various  Rates 

of  Climb  (0<W  110,000)  .  . . .  39 

22.  Rate  of  Climb  vs  Flight  Velocity  for  Various  Angles 

of  Climb  ....  .  .  ...  .  .  .  ..  ....  ....  40 

■ 

23a.  Additional  Horsepower  vs  Weight  for  an  Angle  of 

Climb  of  4°  (0  <  W  <  50)  ..............  41 


LIST  OF  FIGURES  (concluded) 


Number 


23b.  Additional  Horsepower  vs  Weight  for  an  Angle  of  Climb 


of  4°  (01  W<  1,000) 


23c.  Additional  Horsepower  vs  Weight  for  an  Angle  of  Climb 


of  4  (0<W<  10,000) 


24a.  Ratio  of  Ta  n  to  T  at  Various  L/D  .  . . 

b=  U  op) 

24b.  Thrust  Ratio  Versus  Thrust  Angle  for  Various  Lift-to- 


Drag-  Ratios 


25.  Wing  Loading  vs  Take-Off  Distances  at  Various  T/W , 


Ct  =  .l 


26.  Wing  Loading  vs  Take-Off  Distances  at  Various  T/W  , 


CL  =  .6) 


27.  Lift  Coefficient  vs  Take-Off  Distances  for  Various  Wing 


Loadings  (T/W  =  0.3) 


28.  Lift  Coefficient  vs  Take-Off  Distances  for  Various  Wing 
Loadings  (T/W  ®  0.5)  .  .  .  .  .  .  ...  ,  .  ...  . 

29.  Lift  Coefficient  vs  Tate -Off  Distances  for  Various  Wing 


Loadings  (T/W  =  0.7) 


30.  Increase  in  Take-Off  Distance  Due  to  Drag,  Ground 

Resistance,  and  Thrust  Efficiency.  .  .  . . . 

31.  Irish  Flyer  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 

»  .  ... 

32.  Irish  Flyer  in  Flight  (F4)  .............. 

33.  Irish  Flyer  in  Flight  (F5)  .  .  .  .  .  .  .  .  .  .  .  .  .  . 

34.  Summary  of  Examples  .  .  .  . . .  .  . 


vili 


LIST  OF  SYMBOLS 


a 

y 

V 

a 

6 

M 

P 

A 

AR 

GD 

acd 

gl 

D 

AD 

deg 

fjpm 

fps 

ft 

g 

HP 

AHP 


angle  of  attack  (deg) 

angle  that  the  flight  path  makes  with  the  horizontal  (deg) 

dimensionless  thrust  factor 
%  * 

thrust  ratio  factor 

thrust  angle;  angle  that  the  thrust  line  makes  with  the 
horizontal  (deg) 

ground  resistance  factor 

O 

density  of  air  (slugs /ft*3) 
planform  area  of  Parafoil  airfoil  (ft  ) 
aspect  ratio 
coefficient  of  drag 

additional  drag  coefficient  due  to  size  of  vehicle  and  vehicle 
suspension  system 

coefficient  of  lift 

drag  force  (lbs) 

additional  drag  due  to  size  of  vehicle  (Ibs)and  vehicle  suspension  system 

degrees 

feet  per  minute 

feet  per  second 

foot  or  feet 

gravity 

horsepower 

excess  horsepower  for  calculation  of  rate  of  climb 


ix 


LIST  OF  SYMBOLS  (concluded) 


L  lift  force  (lbs), 

lbs  pounds  force 

L/D  aerodynamic  lift  to  drag  ratio 

m  mass 

mph  miles  per  hour 

ND  2.0(400)  indicates  a  Parafoil  with  an  aspect  ratio  of  2.0  and  a  planform 
area  of  400  ft^ 

1  9 

q  dynamic  pressure,  ~~  pV* 

R/C  rate  of  climb  available  under  conditions  being  analyzed  (fpm) 

T  thrust  (lbs) 

T0  static  thrust  (T0  s  Tq  at  0  «  0) 

u  horizontal  velocity;  velocity  in  x  direction  (fps) 

V  me  I  ve  locity  (fps,  mph)  also  U  when  horizontal 

w  vertical  velocity;  velocity  in  z  direction  (fps) 

W  weight  («  mg)  (lbs) 

x  horizontal  inertial  axis  _ 

x  acceleration  along  x  axis 

z  vertical  initial  axis 

z  acceleration  along  z  axis 

X  take-off  distance 

Xy  true  take-off  distance 

R  ground  resistance 

Vg  stall  velocity 


INTRODUCTION 


The  secret  of  flight  is  the  wing  and  all  of  the  wings  of  aviation  have 
been  rigid.  The  early  fabric  wings  contained  rigid  members  and,  like  the 
metal  wings  of  today,  they  Wf^e  rigidly  attached  to  the  fuselage  and  moved 
•rigidly  with  it.  The  Parafoil,  however,  is  a  completely  non-rigid  wing.  It 
is  made  entirely  of  fabric  with  absolutely  no  rigid  members.  It  may  be 
stuffed  into  a  bag  or  folded  into  a  pack.  Since  it  is  made  entirely  of  plastic 
coated  nylon,  it  is  very  light.  A  400  square  foot  Parafoil  wing,  for  example, 
weighs  less  than  20  pounds. 

Not  only  is  the  Parafoil  wing  itself  completely  nonrigid  but  it  is  non- 
rigidly  attached  to  the  fuselage  and,  thus,  the  Parafoil -wing  and  the  fuselage 
may  move  independently,*  In  flight,  this  movement  requires  special  con¬ 
sideration  in  the  equations  of  motion  used  in  computing  the  flight  perfor¬ 
mance  and  stability.  On  the  ground,  this  free  movement  and  the  non-rigidity 
provide  a  more  convenient  and  flexible  system  for  handling,  packing,  and 
storing. 

It  is  clear,  therefore,  that  the  Parafoil  represents  an  entirely  new 
aviation  concept  which  may  have  many  interesting  applications.  Already  the 
Parafoil  has  been  used  as  a  kite?  as  a  sport  jumpfoggHdef* as  an  ascending 
manned  glider?  as  an  air  dropped  guided  cargo  or  weapons  delivery  system 
as  a  gliding  decoy  system1,*  as  an  aerial  target  system^  as  a  recovery  and 
gliding  projectile  system*, ♦. , . 

The  Irish  Flyefts  a  unique  aircraft  which  uses  the  Parafoil  and  is 
flown  like  an  airplane  with  an  engine  and  propeller.  A  summary  and  back¬ 
ground  on  the  Irish  Flyer  is  given  in  the  technical  report,  “Parafoil  lowered 
Flight  ferfortnttnee"*  It  is  the  purpose  of  this  report  to  set  down  in  summary 
form  the  equations  of  motion  for  die  flight  performance  of  die  Irish  Flyer 
and  to  provide  general  performance  curves  for  level  fFght,  for  climbing 
flight,  and  for  take-off  distance  for  various  fligltt  system  weights  and  powers, 

Specifically,  the  reader  may  easily  determine  for  Ms  praised  system 
preliminary  estimates  for  die  fevel  flight  velocity,  the  rate  of  climb,  die 
take-off  distance,  the  required  horsepower, . . .  etc,  all  depending  upon  his 
selection  of  Parafoil  design  {Ct.  Cf>,  L/D,  ay,,.),  system  weight,  whig 

•When  not  in  fii$it  the  Parafoil  lies  limply  on  die  ground;  however, 
when  in  motion  the  ram  air  entering  the  leading  edge  of  die  Parafoil  provides 
inflation  and  rigidity.  The  lift  from  die  Parafoil  fn  flight  produces  tension 
in  the  shroud  lines  and  thus  die  payload  is  carried  through  the  air  with  fligiit 
system  rigidity. 
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loading,  etc, . . .  The  design  curves  include  system  weights  ranging  from 
10  pounds  to  10,000  pounds. 

The  original  reason  for  undertaking  the  design  of  the  Irish  Flyer*  was 
simply  because  it  seemed  like  an  interesting  entirely  new  thing  to  do.  The 
early  powered  Parafoil**  flights  demonstrated  that  slowly  descending  flight 
was  possible.  Excellent  flight  stability  and  control  was  accomplished;  how-  . 
ever,  insufficient  horsepower  prohibited  climb.  As  the  flight  test  program 
proceeded,  it  became  clear  that  the  Irish  Flyer  offered  many  interesting 
applications.  The  obvious  immediate  application  is  as  an  extremely  cheap 
and  safe  sport  flying  vehicle.  However  due  to  the  Vietnamese  War  and  the 
heavy  loss  of  pilots,  attention  was  given  to  using  the  Irish  Flyer  as  a  flying  , 
ejection  seat  with  a  range  of  100  miles.  As  a  further  application,  there  is  a 
requirement  to  hunt  down,  jam,  and  destroy  enemy  radar  and  missile  sites. 
Accordingly,  consideration  was  given  to  using  the  Irish  Flyer  as  an  un¬ 
manned  powered  homing  flight  vehicle’, ^which  can  be  carried  externally  on 
a  flighter  or  helicopter  and  dropped  like  a  bomb,  (Special  Modular  Bomb). 
Another  application  is  as  a  special  reconnaissance  vehicle  which  may  be 
air  dropped  and  then  Remotely  Piloted  (RPV).  Other  applications  in  air  and 
also  underwater  have  been  proposed. 

I 

Thus,  the  demonstrated  performance  of  the  Irish  Flyer  ***  from 
various  flight  tests  and  the  increasing  interest  in  various  application  areas 
all  suggested  that  this  report  be  prepared  which  would  provide  the  interested 
designer  with  a  rational  basis  tor  preliminary  system  design  decisions  and 
a  basis  for  estimating  powered  Parafoil  flight  performance. 


*All  rights  to  Powered  Parafoil  Applications  and  to  the  Irish  Flyer 
concept  are  held  by  Dr.  JohnD.  Nicolaides,  No.  437969,  Patent  Office. 

**The  Parafoil  is  a  design  and  development  of  Dr.  John  D.  Nicolaides 
(patent  pending  105836).  and  is  based  on  the  multi-cell  ram  airfoil 
Patent  No.  3285546. 

***Dr.  Nicolaides.  acting  completely  on  his  own  authority  undertook 
the  personal  design  and  construction  of  the  flight  test  vehicles  and  personally 
carried  out  the  associated  flight  test  program  under  FAA/SAC  Numbers 
N-3029  and  Nn302ND. 
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AERODYNAMIC  DATA 


The  aerodynamic  data  for  the  Parafoil  was  obtained  from  two  sources, 
wind  tunnel  tests  and  full  scale  flight  tests?”  '7 


The  wind  tunnel  tests  were  carried  out  at  the  University  of  Notre 
Dame,  at  the  U.  S.  Air  Force  Flight  Dynamic^  Laboratory,  and  at  the 
National  Aeronautics  and  Space  Administration  (Langley  Field).  The 
technical  report,  ’"Parafoil  Wind  Tunnel  Tests  contains  the  wind  tunnel 
test  results.* 


The  full  scale  flight  tests  were  carried  out  at  the  University  of  Notre 
Dame,  at  die  U.  S.  Air  Force  Flight  Dynamics  Laboratory  (Wright  Field), 
and  elsewhere.  The  technical  report,  "Parafoil  Flight  Performance"  con¬ 
tains  die  principle  flight  test  results.7 

The  aerodynamic  data  for  the  lift  coefficient  (Cj),the  drag  coefficient 
(Cq),  and  the  lift-to-drag  ratio  (L/D),  as  used  in  this  report,  are  given  in 
Figures  1-5.  Additional  incremental  drag  coefficients  may  be  used  to 
account  for  any  additional  payload  drag  produced  by  the  specific  system 
configuration  of  special  interest  to  the  designer.  * 


•The  aerodynamic  data  used  in  this  report  was  obtained  from  Ref.  7  . 
The  basic  drag  includes  canopy,  minimum  line  rigging  and  minimum  pay¬ 
load.  The  line  drag  estimate  is  based  on  an  area  of  5.5  ft2  and  a  drag 
coefficient  of  .  6  (Fig.  18,Hoerner).13  The  payload  drag  estimate  is  based  on 
an  area  of  2. 5  ft2  and  a  drag  coefficient  of  .  8. 

For  preliminary  design  estimates  it  is  suggested  that  the  total  payload 
drag  be  estimated  and  added  to  the  basic  curve  of  this  report.  To  assist  the 
designer,  two  additional  drags  of  .038  and  .076  have  been  included. 


FLIGHT  PERFORMANCE  THEORY 


An  Illustration  of  the  Irish  Flyer  in  general  flight  is  given  in  Figure 
6,  hi  thL  general  case  the  Irish  Flyer  may  be  climbing  or  descending 
(y  5*  0)  and  the  thrust  line  may  not  be  coincident  with  the  velocity  vector  or 
die  horizontal  (8  f  0).  The  equations  of  motion  are  derived  as, 

Tcos0+  Lsiny  -.Dcosy  *=  mx  (1) 


-Tsin0  -  Lcosy  -  Dsiny  +  W  =  mz  (2) 

For  steady  state  flight  these  equations  reduce  to 


Tcos0  +  Cjjq  Asiny  -CpqAcosy  -Q  (3) 

-Tsin0  -  CLq  Acosy  -  Cj^q Asiny  +  W  =  0  (4) 


The  flight  velocity  of  the  Irish  Flyer  is  obtained  from  Equation  (3) 


and  from  Equation  (4)  as 

r  1V2 

v  =  W  -  Tsine _  (6) 

(CLcosy  +  Cpsiny)  1/2  PA 

» 

1 

or 

l/2  pA  (CLcosy  +  Cpsiny) 
where  „«  7/  .1  <7a) 

For  level  flight »  (y  =  0) 
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The  horizontal  and  L/D  vertical  velocities  of  the  Irish  Flyer  are 
given  by 

u  -  Vcosy  (12 


w  =  Vsiny  =  - 


Thus,  the  flight  path  angle,  y ,  of  the  Irish  Flyer  may  be  obtained 
from  Equation  (11)  by  inputting  the  numerical  value  of  the  thrust  angle  (6), 
the  lift-to-drag  r&‘  ’.o  (L/D)  for  a  fixed  flight  trim  angle  of  attack  (a),  and 
the  thrust  factor .  The  total  velocity  of  the  Irish  Flyer  may  then  be 
obtained  from  Equation  (7)  by  inputting  y  as  obtained  from  Equation  (11) 
and  CL(a)  andCj-j(a).  The  horsepower  required  for  steady  state  level 
flight  may  be  obtained  from 


HP=  ^ 


(Tcos0) 

5§0 


inputting  the  known  thrust 


s  given  by  Equation  7a  and  may  be  evaluated  by 


Thus,  we  are  able  to  obtain  the  flight  performance  of  the  Irish  Flyer 
from  solutions  of  the  large  angle  equations  of  motion.  * 


The  basic  flight  equations  Equation  3  and  Equation  4)  allow  large 
angles  of  climb,  large  angles  of  attack,  and  large  thrust  angle.  The 
development  based  on  these  equations  (Equations  10  through  14)  also  allow 
flight  performance  evaluation  at  large  angles.  While  the  preliminary  design 
curves  of  this  report  emphasize  small  angle  of  flight,  it  Is  important  to 
note  that  the  equations  given  therein  may  also  be  used  for  large  angle  flight. 
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PERFORMANCE  CALCULATIONS 
Level  Flight  Velocity 


The  Irish  Flyer  velocity  in  horizontal  flight  may  be  determined  if  the 
wing  loading  (W /A)  and  the  lift  coefficient  (Cl)  are  known.  The  lift  coeffi¬ 
cient  depends  on  the  Parafoil  aspect  ratio  and  the  flight  angle  of  attack  which 
is  generally  near  the  value  for  best  L/D  (©=  8°  +  2®). 

A  wing  loading  of  one  has  been  used  quite  extensively  by  military 
jumpers  for  some  years.  Also,  a  wing  loading  of  one  has  been  used  in  many 
Parafoil  guided  delivery  systems.  However  over  the  years  wing  loadings 
ranging  from  .  25  to  5  have  been  used  with  complete  success  and  higher 
values  are  certainly  possible. 

Therefore  in  calculating  the  Irish  Flyer  level  flight  velocity  at  0=0 
wing  loadings  ranging  from  0  to  10  have  been  used  and  lift  coefficients  of  .  25, 
.5,  .75,  and  1,  0  have  been  used. 

The  level  flight  velocity  for  wing  loadings  up  to  three  are  given  in 
Figure  7.  The  increased  level  flight  velocities  achievable  by  increased  wing 
loadings  (0-10)  are  given  in  Figure  8. 

Unlike  the  conventional  airplane  which  is  only  able  to  fly  over  a  limited 
range  of  angles  of  attack  and  can  experience  catastrophic  stall,  the  Irish 
Flyer  can  fly  over  a  range  of  angles  of  attack  from  "10°  to  90°  and  does  not 
experience  stall.  *  It  is  of  interest,  therefore,  to  compute  Irish  Flyer  level 
flight  velocity  over  a  larger  range  of  angles  of  attack.  Figure  9  represents 
these  calculations  for  angles  of  attack  from  0°  to  30°  for  wing  loadings  of 
1,  5  and  10. 


Horsepower  Required  for  Level  Flight 

The  horsepower  required  for  a  given  level  flight  velocity  at  6*0  may 
be  calculated,  if  the  Irish  Flyer  weight  and  system  Lift -to -Drag  ratio  are 
known. 


*A  normal  rigid  wing  at  an  angle  of  attack  of  near  20P  experiences 
sudden  loss  of  lift  called  "stall".  One  of  the  primary  advantages  of  the 
Parafoil  is  that  it  does  not  experience  sudden  toss  of  lift  or  stall;  but  rather 
its  lift  drops  off  slowly  at  rather  large  angles  of  attack. 
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HP=LOT  3  <15>* 

The  horsepower  required  for  a  level  flight  velocity  of  41  ft/sec  (W/A*=1.5; 
Cl  -  .75)  for  Irish  Flyers  weighing  10  pounds  to  50  pounds  is  given  in 
Figure  10  as  a  function  of  lift -to -drag  ratio. 

Similar  calculations  for  Irish  Flyers  weights  from  50  pounds  to 
1000  pounds  and  from  2000  pounds  to  10,000  pounds  are  given  in  Figures 
11  and  12. 

For  an  Irish  Flyer  level  flight  velocity  of  58  ft/ sec  (W/A  =  3.0; 

Cl  =  .75)  and  for  weights  from  10  pounds  to  10,000  pounds,  the  horsepower 
required  is  given  in  Figures  13,  14,  and  15,  as  a  function  of  lift-to-drag 
ratio. 

For  a  level  flight  velocity  of  82  ft /sec  similar  results  are  given  in 
Figures  16, 17,  and  18. 


Climbing  Flight 

The  additional  horsepower  required  for  various  rates  of  climb  for 
various  vehicle  weights  is  given  by 


AHP  » 


W  R/C 
5S0x65 


(16) 


The  additional  horsepower  required  for  Irish  Flyer  weights  from  10 
pounds  to  10,000  pounds  for  rates  of  climb  of  100,  200,  400,  600,  800, 
and  1,000  ft/min.  is  given  in  Figures  19,  20,  and  21. 

The  rate  of  climb  and  the  level  flight  velocity  determine  the  angle  of 
climb  (y).  The  FAA  requires  a  R/C  of  400  ft/min.  If  a  light  plane  velocity 
of  60  Mm  is  assumed,  then  the  angle  of  climb  is  4.33°.  Accordingly,  the 
rate  of  climb  and  flight  velocity  for  angles  of  climb  of  2°,  4°,  5°,  6°,  8°, 
and  10°  are  given  in  Figure  22.  Assuming  that  a  4°  angle  of  climb  is 
required,  then  Figure  23  provides  the  additional  horsepower  required  for 
various  vehicle  weights  and  flight  velocities. 


’This  equation  Is  accurate  for  near  level  flight.  For  example  at 
angles  of  climb  or  descent  of  10P,  an  error  of  1. 5  percent  is  involved. 
At  angles  of  20P  an  error  of  6  percent  is  involved. 
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Effect  of  Thrust  Angle 

For  die  previous  Irish  Flyer  performance  calculations  the  thrust 
line  was  taken  as  horizontal,  (6  =  0).  However,  it  is  possible  to  use  other 
angles,  both  fixed  and  changeable  in  flight.  Accordingly,  the  effect  of 
8  angle  is  given  in  Figure  24a. 

In  the  case  of  level  flight  the  effect  of  thrust  angle,  6,  may  be  seen 

from. 


To  „  n  sinQ 

T~  =  cos9+  L7ET  <17) 

which  is  obtained  by  solving  Equation  (4)  for  lift  and  substituted  for  lift 
as  obtained  from  Equation  (3),  all  for  the  case  of  y  =0.  Figure  24b 
illustrates  the  results  from  Equation  (l^where  it  can  be  seen  that  signi¬ 
ficant  reductions  in  thrust  are  obtained  by  introducing  8  angle  when  the 
lift-to-drag  ratio  is  low.  For  improved  lift -to -drag  ratios  the  advantage 
of  thrust  angle  is  seen  to  be  markedly  reduced. 


The  introduction  of  thrust  angle  also  results  in  a  reduction  in  flight 
velocity  as  given  by. 


Vo 

ve 


,  tan8 

1  +  E7cr 


ii2 


(18) 


end  a  reduction  in  horsepower  as  given  by, 

i  V21 


HPo  . 

TfP“  " 

8 


1  + 


tan8 

lTET 


(19) 


provided  of  course  that  the  8  angles  are  in  the  range  of  the  thrust  ratios 
greater  than  one. 

For  example  at  8  «  25°  and  L/D  =  2.5,  we  obtain 


Te=.929T0 

or 

7. 1  %  reduction  in  thrust 

V-918Vo 

or 

8.2%  reduction  in  velocity 

HP  =  .773  HPq 

or 

22.7%  reduction  in  horsepower 

-  l/L/d 
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However,  at  0  *  10°  and  L/D  =  5,  we  obtain  only 


T0  =  .980  Tq  or  2.0%  reduction  in  thrust 

V_  =  .982  V  or  1.8%  reduction  in  velocity 

H  O 

HP^  =  .949  HP  or  5.0%  reduction  in  horsepower 

9o 


(It  should  be  recalled  from  Eq.  (15),  however,  that  for  0  =  0  increasing 
the  L/D  from  2.5  to  5  results  in  a  50%  reduction  in  horsepower. ) 

Figure  24b  may  also  be  used  to  provide  the  angle  of  climb  resulting 
from  a  given  increase  in  thrust  at  various  thrust. angles.  For  example, 
by  confining  our  attention  to  the  L/p  =  3  and  L/D  =2.5  curves  we  note  that 
a  difference  in  flight  angle  is  3. 3 T,  Now  if  the  flyer  has  an  L/D  of  3  but 
the  Parafoil  is  actually  back  at  an  angle  equivalent  to  L/D  2.5  then  the 
angle  of  climb  is  3. 37°.  Thus  by  using  Figure  24b  you  can  read  off  the 
additional  horsepower  required  to  obtain  this  angle  of  climb  at  different 
thrust  angles. 
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TAKE-OFF  DISTANCE 


Aircraft  Case 


The  conventional  aircraft  normally  operates  off  a  concrete  runway 
and  is  configured  on  its  landing  gear  so  as  to  present  a  minimum  drag  con¬ 
figuration  with  no  lift.  The  Take-Off  distance  therefore  is  normally  esti¬ 
mated  by  simply  computing  the  distance  it  takes  to  accelerate  the  mass  of 
the  aircraft  to  a  velocity  of  approximately  1.2  times  the  flight  speed.  When 
the  aircraft  reaches  this  Take-Off  speed  the  pilot  rotates  the  aircraft  to  a 
flight  angle  of  attack  and  lift-off  occurs. 


The  basic  Take-Off  equation  therefore  is  given  by 

F*m  dv  s*  dv  dx  _  wv  dv 
"3T  g*  dx  Ht*  ~  g  dx 


(20) 


and  the  Take-Off  distance,  X  ,  is  obtained  by  integration  of  Equation  (20)  as 

»V  y 


dv 


When  F  is  a  constant ,  the  Take-Off  distance  is  given  by, 


X  = 


W 


w  ~ 


If  it  is  assumed  that  F  is  the  static  thrust,  (F=T),  and  that 
V  ■  1.2  Vg,  then  Equation  (22)  becomes 


X  * 


X  e 


*  _  .  ▼ 

W  TF7W> 

1.44  V| 

w w 


1.44 


where 


18.8 


fi/wj  CL 

r^jr-  *  Stall  Velocity 
•Computed  for  sea  level  conditions  at  0  »  0. 


v  W  2 

Vs«-jp 


(21) 


(22) 


(23) 

(24) 

(26)* 

(26) 


Using  these  equations  the  Take-Off  distance  for  the  Irish  Flyer  is  given  in 
Figures  25-29  for  various  values  of  wing  loading,  lift  coefficient,  and 
thrust  loading,  (T/W).  (During  Take-Off  the  Parafoil  is  assumed  to  be  over¬ 
head  and  inflated. ) 


Irish  Flyer  Case 


While  the  previous  analysis  may  yield  good  approximate  values  for 
the  Take-Off  distance  of  an  aircraft,  the  assumption  of  (1)  very  large 
thrust,  (2)  low  drag  because  of  small  angle  of  attack  during  Take-Off  run, 
and  (3)  low  ground  resistance  due  to  concrete  runway  are  poor  in  the  case 
of  the  Irish  Flyer.  The  Irish  Flyer  moves  along  the  ground  and  in  the  air 
at  a  constant  angle  of  attack.  As  a  result  it  always  experiences  lift  and 
drag.  As  a  result  thrust  is  not  large  as  compared  with  the  drag.  Further, 
since  the  Parafoil  normally  flys  off  grass  runways  the  ground  resistance  is 
significant  and  should  be  considered.  As  a  result  in  considering  the  Take- 
Off  distance  for  the  Irish  Flyer  it  is  necessary  to  include  the  effects  of 
air  drag,  ground  resistance,  and  static  thrust  fall  off  with  velocity. 
Accordingly  for  the  Irish  Flyer  we  may  write  the  total  force  as: 


F  »  T  -  D  -  R 


(27) 


where 


T°aT0 

D  =  nT<.72)«flTo 


<-7VT0r 

Vt„2 


(Drag  at  70%  of  V) 


m 

(29) 


R  «  It  (W-L)  (Resistance  of  70%  of  V)* 

[ftV  B-H  To<-72)  ' 


(30) 


(31) 


For  flight  efficiency  a  propeller  is  designed  for  the  best  L/D  of  each 
blade  element  at  the  design  flight  velocity.  At  lower  flight  velocities  some  of 
the  blade  elements  may  be  stalled.  At  higher  speeds  the  L/D  is  reduced.** 
Thus,  the  realistic  Irish  Flyer  Tate-Off  distance  is  given  by 


♦Found  both  experimentally  and  by  analysis  to  be  representative, 
♦♦Thrust  reduction  to  increasing  flight  velocity  is  due  to  a  decrease 
in  local  blade  angle  of  attack. 
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XT  =  2g  (T-D-ft)  where  (T-D-R)  at  .7V 


The  ratio  of  Equation  (32)  and  Equation  (23)  is  given  by: 


(33) 


(34) 

(35a) 


(35b) 


Equation  (35),  therefore,  provides  the  ratio  of  the  true  Irish  Flyer 
Take-Off  distance  which  includes  the  effects  of  ground  resistance »  air  drag, 
and  effective  thrust  to  the  Irish  Flyer  Take-Off  distance  calculated  by  con¬ 
sidering  only  the  acceleration  of  the  mass  of  tlie  vehicle  to  a  velocity  20 
percent  higher  than  the  stall  speed. 

Figure  30  provides  seven  examples.  Case  1  represents  the  simple 
acceleration  of  the  mass  of  the  flyer  when  neither  drag  or  ground  resistance 
is  considered.  Case  2  represents  the  effect  of  80“&  prop  efficiency,  where  it 
is  seen  that  die  Take-Off  distance  is  Increased  by  2$%»  Case  3  represents 
an  example  of  the  effect  of  air  drag.  Here  it  is  noted  that  the  Take-Off 
distance  is  doubled.  Case  4  represents  the  introduction  of  air  drag  and  80& 
prop  efficiency.  Case  5  represents  die  effect  of  ground  resistance  for  a 
flyer  with  a  lift-to-drag  ratio  of  3.  Case  6  represents  the  combined  effects 
of  air  drag  and  ground  resistance  for  an  80&  efficient  prop  and  a  lift-to- 
drag  ratio  of  3.  Case  7  represents  die  effect  of  air  drag  and  ground  resistance, 
bare  die  lift-to-drag  ratio  is  only  2.  Figure  30  also  provides  in  Cases  6 
and  ?  values  as  obtained  from  Equation  3Sa. 


It  is  seen  in  Figure  30  that  the  true  Take-Off  distance  may  be  as  much 
as  3.5  times  greater  than  the  simple  acceleration  case.  It  should,  however, 
be  emphasized  that,  in  general,  the  true  Take-Off  distances  for  the  Irish 
Flyer  are  extremely  short  as  compared  to  a  conventional  airplane  due 
primarily  to  its  much  smaller  wing  loading  and  flight  velocity. 


PRE-DESIGN  ESTIMATES 


The  curves  and  equations  in  the  preceding  section  provide  a  ready 
means  for  estimating  the  pre -design  flight  performance  of  various  Irish 
Flyer  designs  ranging  from  10  pounds  to  10,000  pounds.  The  designer  may 
select  any  Parafoil  or  vehicle  design  he  wishes,  and  then  use  the  basic 
aerodynamic  data  to  provide  conservative  or  advanced  values  for  the  lift 
and  drag  coefficients.  The  various  performance  curves  then  yield  values 
for  the  level  flight  velocity,  the  level  flight  horsepower  and  the  climbing 
horsepower,  as  associated  with  various  desired  rates  of  climb  or  angles 
of  climb.  In  the  following  paragraphs  some  illustrative  examples  are  given 
as  a  guide. 

Simple  Maimed  Flight  (Conservative) 

Consider  the  flight  vehicle  shown  in  Figure  31.  Its  total  weight  with 
pilot  is  540  pounds  and  it  uses  a  Parafoil  of  an  aspect  ratio  of  two  and  a 
wing  area  of  360  square  feet.  The  wing  loading  therefore  is,  W/A  *  1.5. 

If  a  conservative  angle  of  trim  of  <f  » 14°  is  employed,  Figures  1  and 
5  provide  a  lift  coefficient  of  .  75.  The  basic  drag  coefficient  is 
Cq  «  ,  258.  However,  as  a  conservative  estimate  we  will  add ACj  »  ,076 
to  account  for  additional  vehicle  drag.  As  a  result,  a  total  drag  coefficient 
of  Opts  .334  will  be  used.  Thus,  the  lift-to-drag  ratio  is  2,2.  The  level 
flight  velocity  may  now  be  obtained  from  Figure  ?  as  41,01  ft/sec  or  27.96 
mites  per  hour.  The  level  flight  horsepower  may  be  obtained  from  Figure 
11  as  HP  *  16. 

ft  is  seen  from  Figure  20  that  an  additional  horsepower  of  HP  «  6.6 
is  required  for  a  rate  of  climb  of  400  ft/min.  An  angle  of  climb  of  ys 6,5 
is  obtained  from  Figure  22. 

Thus  ,  We  have  found  that  25  horsepower  should  provide  a  quite 
conservative  flight  vehicle  performance. 


Simple  Manned  Flight  (Advanced) 

Again  using  the  basic  vehicle  of  Figure  31  (W*540  pounds)  bur  by  clean¬ 
ing  up  the  aerodynamic  design  and  by  using  a  larger  Parafoil  (A* 400)  at  a 
smaller  angle  of  trim  (or  *4°),  we  may  obtain  very  significant  performance 
improvement.  The  aerodynamic  data,  using  Figures  1  and  S  for  a  Parafoil 
of  an  aspect  ratio  of  3,0,  yields  a  lift  coefficient  of  -  .2$  and  a  drag 
coefficient  of  C9  *  .  148,(&Cp«0).  The  resulting  lift-to-drag  ratio  fa 
L/D*5.i«  For  the  wing  loading  of  W/A  «!.$,  Figure  7  yields  a  level 


flight  velocity  of  41.01  ft /dec  or  27.96  mph .  at  a  required  horsepower  of 
only  HP  =  8.0  (Figure  11).  For  a  rate  of  climb  of  400  ft /min  AHP=6.6  is 
required.  Thus,  the  total  horsepower  is  only  14.43.  This  represents  a 
42. 3%  reduction  from  the  horsepower  required  in  the  previous  very  con¬ 
servative  case.* 


Cargo  and  Weapon  Stand-Off  Delivery  System 

Remotely  controlled  or  homing  designs  may  also  be  considered  since 
both  have  been  successfully  demonstrated.  For  this  example  a  total  vehicle 
system  weight  of  i0,000  pounds  will  be  used  with  a  Parafoil  of  A=  1666  ft^; 
thus  yielding,  a  wing  loading  of  W/A=6.  Again  using  a  Parafoil  of  AR=3.0 
at  an  angle  of  trim  of  o=4°,  we  obtain  Ct  =  .75,  Crv  =  .148,  and 
L/D  =  5. 1.  1 

The  flight  velocity  is  obtained  from  Figure  8  as  82.02  ft /sec  or  55.9 
mph.  The  required  horsepower  is  HP  =  250  (Figure  18)  and  a  AHP  =  60  is 
required  for  a  rate  of  climb  of  200  ft /min  (Figure  21).  Therefore  the  total 
horsepower  required  is  HP=  310  to  fly  this  five  ton  vehicle. 


Maneuvering  Decoy  and  Jammer  System 

For  aircraft  drop,  a  maneuvering  decoy- jammer  system  of  10  pounds 
is  considered  which  uses  a  Parafoil  having  an  area  of  6. 66  square  feet  and 
a  wing  loading  of  W/A  =  1.5.  Again  using  an  AR  3  Parafoil  with  a  lift 
coefficient  Ct  =  .75  and  a  drag  coefficient  of  CD=  .  148  (ACp=0),  we  obtain 
a  flight  velocry  of  IJ  =  41.01  ft/sec  or  27.96  mph  (Figure  7)  and  a  horse¬ 
power  of  HF= .  146  (Figure  10).  (For  this  example  it  is  interesting  to  note 
that  successful  flight  demonstrations  have  already  been  carried  out  using 
model  aircraft  engines  and  model  aircraft  control  systems.) 


^Underwater  designs  may  also  be  considered.  For  example  an 
unmanned  540  pound  system  with  a  specific  gravity  of  3  might  have  a  compact 
underwater  weight  of  360  pounds.  If  the  360  ft2  Parafoil  is  used,  the  flight 
velocity  would  be  only  V=  3 .217  ft/^  c  and  the  required  horsepower  HP<=.  156 
since  the  density  ratio  of  water-to-air  is  approximately  770. 

If  a  smaller  Parafoil  of  60  ft2  were  used  the  velocity  would  be 
V=2, 96  ft/sec  or  2.0  mph  and  the  horsepower  would  be  HP  « • .  379.  (Some 
underwater  tests  have  been  carried  out  on  gliding  systems. 


Minimum  Manned  Vehicle 


Various  examples  of  minimum  manned  vehicles  have  been  carried  out 
and  are  shown  in  Figures  32-34.  The  reader  is  encouraged  to  try  his  hand 
at  the  design  of  a  minimum  manned  vehicle,  ft  should  be  noted  that  Para¬ 
foils  of  larger  area  and  lighter  weight  are  readily  possible’ and,  also,  that 
improved  canopy  lift  coefficients  and  lift-to-drag  ratios  approaching  8  are 
considered  feasible. 
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CONCLUSIONS* 


The  Parafoil  aerodynamic  data  and  Irish  Flyer  flight  performance 
curves  and  equations  are  presented  so  as  to  provide  the  interested 
designer  with  pre-design  performance  estimates  for  system  designs 
ranging  from  10  pounds  to  1.0,000  pounds.  Some  examples  of  manned 
flight,  cargo  and  weapon  delivery,  decoy  and  jammer  system,  and  under 
water  flight  have  been  set  forth  so  as  to  aid  the  designer.  Individual 
designers  will  of  course  optimize  for  their  own  special  application. 


■  — ■ ; . —  —  ■ 1  — 

On  the  70th  anniversary  of  the  Wright  Brothers  flight,  17  December 
1973,  Dr.  John  D.  Nicolaides  was  privileged  to  carry  out  a  flight 
demonstration  of  Irish  Flyer  N3029  at  Goshen,  Indiana  for  the  U.S.  Air 
Force  representative  of  the  Flight  Dynamics  Laboratory,  Mr,  Michael 
Higgins.  The  flyer  demonstrated  climb  from  50  ft.  to  1,300  ft.,  right  turns, 
left  turns,  complete  static  and  dynamic  flight  stability,  complete  control, 
and  an  accurate  soft  landing.  This  flight  was  documented  by  Mr.  Morley 
Safer  of  CBS-TV  for  nationwide  presentation  on  the  ^CBS-60  minutesTV  show. 
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Figure  1. 


9'0 


Figure  2.  Aerodynamic  Drag  Data 


Figure  3.  Lift -to -Drag  Ratios  for  ND  2.0  for  Three  System  Drag  Increments 
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Figure  5.  Summary  of  Aerodynamic  Data 
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Figure  7.  Wing  Loading  vs  Flight  Velocity  for  Various  Values 
of  Lift  Coefficient  (OiW/A<  3) 
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Figure  10.  Level  Flight  Horsepower  vs  Lift -to -Drag  Ratio  for 
W/A  *  1*5  and  Ct  =  .75  (10<W  <30) 
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Figure  12.  Level  Flight  Horsepower  vs  Lift-to-Drag  Ratio 
for  W /A  =  1,5  and  Ct  =  .75  (2000  <  W  ^.10,000) 
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Figure  15.  Level  Flight  Horsepower  vs  Lift -to -Drag  Ratio  for 
W/A  «  3,0  and  CL  *  .75  <2,000<W<  10/000) 
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Figure  16.  Level  Flight  Horsepower  vs  Lift -to -Drag  Ratio  for 
W/A  «  6.0  and  Cr  *  .75  (10iW<50) 
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Figure  18.  Level  Flight  Horsepower  vs  Ltft-ro-Drag  Ratio  for 
W/A»6.0audCt  »  .75  <2,000<W<  10,000) 
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Figure  20.  Additional  Horsepower  vs  Weigbt  for  Various 
Rates  of  Climb  (0<W<  1,000) 
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Figure  23b*  Additional  Horsepower  vs  Weight  for  an  Angle 
of  Climb  of  4°  (0<W  <1,000) 
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Figure  24a.  Ratio  of  T0=o  to  T  at  Various  L/D 
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Figure  30.  Increase  In  Take-Off  Distance  Due  to  Drag , 
Ground  Resistance  and  Thrust  Efficiency 
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